Abstract Chaetomium globosum, the most common species within this genus, produces chaetoglobosins A and C when cultured on building material. Relatively low levels of these compounds have been shown to be lethal to various tissue culture cell lines. This study had two major objectives: (1) to determine the frequency at which Chaetomium species are isolated in water-damaged buildings and (2) to examine the production of chaetoglobosins A and C in isolates of C. globosum obtained from different buildings. Out of 794 water-damaged buildings, Chaetomium species were isolated in 49% of these structures. C. globosum ATCC 16021 was grown on four different media: oatmeal agar (OA), potato dextrose agar (PDA), corn meal agar (CMA), and malt extract agar (MEA). After 4 weeks, fungal growth was evaluated based on colony diameter and the quantity of spores produced on agar plates. In addition, production of chaetoglobosin A and C was monitored using high performance liquid chromatography. Colony diameter, spore production, and mycotoxin production by C. globosum were the highest on OA. Out of 30 C. globosum isolates cultured on OA for 4 weeks, 16 produced detectable amounts of chaetoglobosin A and every isolate produced chaetoglobosin C.
Introduction
Sick building syndrome (SBS) is a term commonly used to describe a set of non-specific symptoms resulting from poor indoor air quality (IAQ). These symptoms include: irritation of the eyes, nose and throat, dry skin, fatigue, headache, nausea, dizziness, increased number of respiratory tract infections, hoarseness, and wheezing [1] . Over the last several years, mounting evidence has shown that fungal contamination within buildings is associated with SBS [2, 3] . The Centers for Disease Control and Prevention (CDC) have issued guidelines on limiting exposure to mold contamination in buildings after flooding has occurred [4] . Exposure to mold may result in human illness through three different mechanisms: infection, allergy, and toxicity [5, 6] . Inhalation of fungal spores and their associated mycotoxins can result in adverse health effects [7, 8] .
Chaetomium species are often encountered in buildings with IAQ problems [9, 10] . The most common species within this genus is Chaetomium globosum [11] which is also the most frequently isolated species in buildings [9] [10] [11] [12] . When cultured on gypsum board, C. globosum produces two mycotoxins called chaetoglobosins A and C [9] . Both of these compounds belong to a group of toxins called the cytochalasins which exert their effects on mammalian cells by binding to actin. This protein forms filaments which are involved in maintaining the cell's shape, locomotion, and forming cell surface projections and structures inside the cell [13] .
Chaetoglobosins A and C can be lethal to various cell lines. The 50% growth inhibition doses of chaetoglobosins A (3.2-10 mg/ml) and C (10-32 mg/ml) have been determined with HeLa cells [14] . Similar effects were observed with primary rat cell cultures of liver, kidney, and muscle cultured with chaetoglobosin A [15] . Furthermore, injection of chaetoglobosin A is lethal when administered at relatively low doses in animals. The 50% lethal dose of chaetoglobosin A was determined in mice to be 6.5 mg/kg in males and 17.8 mg/kg in females when injected subcutaneously. All rats injected intraperitoneally with chaetoglobosin A at doses ranging from 2 to 16 mg/kg died within 2 h of exposure [16] .
This study had two major objectives: (1) to determine the frequency at which Chaetomium species are isolated in water-damaged buildings and (2) to examine the production of chaetoglobosins A and C in isolates of C. globosum obtained from different buildings.
Materials and methods

Collection of air and surface samples
Between 1999 and 2006, Assured Indoor Air Quality (AIAQ, Dallas, TX) collected air and surface samples in 794 buildings with occupant complaints. Air samples were collected with a two-stage bioaerosol sampler (Andersen Instruments Inc., Smyrna, GA) on malt extract agar plates at a calibrated flow rate of 28.4 l/min for 5 min. This medium is commonly used to culture fungi from air samples [5] . Prior to fungal identification, these agar plates were incubated at room temperature (RT or 258C) for 5-7 days. Suspected mold contamination was collected from surfaces using one of the following methods: (1) sampling with clear adhesive tape, (2) sampling with a dry cotton swab, or (3) removing bulk material (i.e., building material).
Chaetomium globosum isolates/Media
Chaetomium globosum American Type Culture Collection (ATCC, Manassas, VA) 16021 was used to determine the optimal medium for the production of chaetoglobosins A and C. The following four media (Becton, Dickinson and Company, Sparks, MD) were evaluated and prepared as per the manufacturer's instructions: Difco oatmeal agar (OA), Difco potato dextrose agar (PDA), Difco malt extract agar (MEA), and BBL corn meal agar (CMA). These media were selected since they are commonly used to culture filamentous fungi [17, 18] .
Different isolates of Chaetomium species were obtained from the following three laboratories: Aerotech Laboratories (Phoenix, AZ), P&K Microbiology Services (Cherry Hill, NJ), and the Center for Indoor Air Research (Lubbock, TX). Each isolate was obtained from a different building. Isolates were identified as C. globosum based on the criteria in the Pictorial Atlas of Soil and Seed Fungi [19] . Ten C. globosum isolates were selected from each laboratory (for a total of 30) for further analysis.
Preparation of inoculum
Each C. globosum isolate was cultured on PDA at RT for at least 13 days until confluent growth and sporulation were achieved. Sterile water (20 ml) was poured onto one agar plate and the fungal growth scraped off using a sterile loop. The resulting suspension was passed through a cell strainer with a 70 mm nylon membrane (BD Falcon, Bedford, MA) to remove hyphae. Spore concentrations were determined using an improved Neubauer hemacytometer (Fisher Scientific, Pittsburg, PA). Spores were counted within an area of 1 mm 2 . Each spore solution was enumerated twice and then averaged. The lower detection limit was 10,000 spores/ml. The spore solution was diluted with sterile water to obtain a concentration of 25,000 spores per ml. Twenty microliters of the diluted spore suspension (containing approximately 500 spores) were transferred to the center of each agar plate. The agar plates were allowed to sit overnight to absorb the inoculum before inverting and incubating at RT.
Evaluation of growth and production of chaetoglobosins A and C Every week, colony diameters were measured at right angles on each agar plate resulting in two readings. After 4 weeks, 20 ml of methanol were poured onto each plate and the fungal growth scraped off using a sterile loop. The contents of five agar plates were combined into a single group. The volume of methanol was measured and recorded. The spore concentration of each group was determined using a hemacytometer as previously described. The total number of spores for each group was determined by multiplying the volume of methanol extract and the spore concentration.
For each group, the methanol extract and agar from five plates were placed in a 600 ml beaker and sonicated for 30 min in a tabletop ultrasonic cleaner (FS-60, Fisher Scientific, Pittsburg, PA). The methanol extract was then passed through a fiberglass filter (GF/D 1823, Whatman, Clifton, NJ) to remove large particulates. The methanol extract was transferred to a 1 l beaker and allowed to dry under a fume hood at RT.
The dried contents of each 1 l beaker were resuspended in 20 ml of methanol. The concentrated methanol extract was then passed through 0.45 mm glass microfiber filters (Autovial GMF, Whatman, Clifton, NJ) into a 20 ml glass scintillation vial. The vial was placed under a fume hood to evaporate the methanol. This process was repeated twice (for a total of three times) to recover any residual material left in the beaker.
After allowing to completely dry, each scintillation vial received 2 ml of methanol. The vials were vortexed until the dried residue was dissolved. The extracts were passed through 0.2 mm syringe filters (25 mm sterile nylon membrane, Fisherbrand, Pittsburg, PA) into 2 ml glass vials (C4000-1W, National Scientific Company, Rockwood, TN).
Detection of chaetoglobosins A and C was performed using an 1100 Series HPLC system (Agilent Technologies, Palo Alto, CA) equipped with a UV-visible diode array detector. An Agilent Eclipse C8 analytical column (400 mm [250 plus 150 mm] by 4.6 mm; particle size, 5 mm) and a 12.5 mm guard column set at 408C were used in the analyses. The flow rate was set at 1.0 ml/min. Crude toxin samples in methanol were run in a mobile phase in which the gradient changed from a 35% solution of 95% water/5% acetonitrile to 80% acetonitrile in 20 min. Samples were read at 260 nm and were analyzed using Chemstation software (Agilent Technologies, Palo Alto, CA). The detection limit for each mycotoxin was approximately 50 mg/ml.
Statistical analysis
Statistical analysis was performed using the SigmaStat 2.0 software (Systat Software Inc., Richmond, CA) to determine differences in colony diameter, spore production, and mycotoxin production between different media. Significance was determined using Kruskall-Wallis analysis of variance on ranks followed by Tukey's post-hoc analysis (P < 0.05).
Results
Frequency of Chaetomium species in buildings with occupant complaints
Chaetomium species were isolated from air and surface samples in nearly half of these buildings (Table 1 ). In comparison, Cladosporium, Pencillium, Alternaria, and Aspergillus species were isolated more often while Paecilomyces and Stachybotrys species were found in fewer buildings. In contrast to the other five genera, Chaetomium and Stachybotrys species were isolated less frequently in air samples compared to surface samples.
Growth and sporulation on various agar media
The objective of these experiments was to determine the optimal media for the production of chaetoglobosins A and C by C. globosum. At 4 weeks, the colony diameters on OA were significantly higher than those grown on PDA, MEA, and CMA (Fig. 1) . As shown in Fig. 2 , the colonies on OA covered the entire surface of the agar plate (85 mm). The growth on CMA was much more diffuse compared to PDA and MEA even though the colony diameters were not significantly different (Figs. 1 and 2) .
Since colony diameter does not take the density of growth into consideration, spore production was measured for a group of five agar plates. The number of spores produced by C. globosum on OA was approximately 10-fold and 100-fold higher compared to PDA and CMA, respectively (Fig. 3) . Chaetomium globosum did not sporulate on MEA after 4 weeks. Tape lifts were taken from these colonies at 4 and 6 weeks, and perithecia and spores were not present at 4 weeks, but appeared by 6 weeks (data not shown).
Production of chaetoglobosins A and C on various agar media
Chaetoglobosins A and C were detected on OA, PDA, and MEA, but not on CMA. The production of chaetoglobosin A was significantly higher on OA compared to PDA but not MEA. The production of chaetoglobosin C was significantly higher on OA compared to PDA or MEA (Fig. 4) . Based on these results, OA supports the best growth of C. globosum as well as the highest production of chaetoglobosins A and C compared to PDA, MEA, or CMA.
Production of chaetoglobosins A and C by different C. globosum isolates Each isolate covered the surface of the OA plate 4 weeks post-inoculation and produced 10 6 -10 9 spores per group (data not shown). Out of 30 different isolates of C. globosum examined, 16 produced detectable amounts of chaetoglobosin A and every isolate produced chaetoglobosin C (Fig. 5 ).
Discussion
The finding that Chaetomium species are isolated within the indoor air at a low frequency is consistent with previous studies. Shelton et al. [20] examined 12,026 air samples collected from 1,717 buildings across the U.S. between 1996 and 1998. Overall, this group found Chaetomium species in 3% of the indoor samples (total of 9,619), and in less than 1% of the Fig. 1 Colony diameters of C. globosum over 4 weeks on different agar media. The center of each agar plate was inoculated with 500 C. globosum ATCC 16021 spores suspended in 20 ml of water. The following four artificial media were evaluated: potato dextrose agar (PDA), oatmeal agar (OA), cornmeal agar (CMA), and malt extract agar (MEA). The agar plates were incubated at room temperature. Colony diameters were measured every week. Mean and standard error of the mean are shown (n = 45 plates). Different letters denote a difference at the P < 0.05 significance level outdoor samples (total of 2,407) [20] . In a survey of 68 southern California houses, Chaetomium species were reported in 8.8% (total of 68) of air samples [21] .
Our results indicate that Chaetomium species are encountered in water-damaged buildings and are more likely to be isolated from surface samples than from air samples ( Table 1) . One study conducted in 21 Denmark schools between 1981 and 1984 illustrated this point [22] . Although Chaetomium species were not detected in air samples, this genus was isolated in 25% of dust samples taken in the same locations. Recently, Vesper et al. [23] reported similar findings using quantitative polymerase chain reaction rather than culture-based methods. C. globosum was detected in 23% of dust samples (total of Fig. 4 Production of chaetoglobosins A and C by C. globosum 4 weeks post-inoculation. The amount (mean ± standard error of the mean) of chaetoglobosins A and C (Ch-A and Ch-C, respectively) produced by C. globosum ATCC 16021 on five agar plates is shown (n = 9 groups with five plates per group). The following four artificial media were evaluated: potato dextrose agar (PDA), oatmeal agar (OA), cornmeal agar (CMA), and malt extract agar (MEA). The agar plates were inoculated with 500 spores of C. globosum and incubated at room temperature for 4 weeks. The presence of each toxin in the methanol extracts was detected using high performance liquid chromatography. Different letters denote a difference at the P < 0.05 significance level 52), but not in any air samples collected in waterdamaged homes [23] .
Altogether, these reports indicate that Chaetomium species are found less often in the air than in samples collected on surfaces in buildings. This trend most likely occurs due to the tendency of the relatively large spores to settle out of the air more quickly than smaller spores [24] . Another explanation for the low recovery of C. globosum in the air with culture-based techniques is the use of non-specific media [12] . A third possibility could be the incubation time (5-7 days) was not sufficient to allow identification of this fungus. Therefore, relying solely on air samples for detection of Chaetomium species likely underestimates the frequency at which this fungus is actually present in water-damaged buildings. Andersen and Nissen [12] recommended the use of contact plates rather than air samples methods when the objective was to detect Chaetomium and Stachybotrys species.
Little information currently exists regarding the frequency that C. globosum isolates produce chaetoglobosins. Three early studies [25] [26] [27] examined isolates of different Chaetomium species for mycotoxin production using thin-layer chromatography (TLC). Several problems exist with these studies. Even though 158 Chaetomium species isolates were examined, only five were identified as C. globosum. Also, TLC is not adequate for determining the presence or absence of any mycotoxin with any degree of certainty [28] . The results of the current study show that all 30 isolates of C. globosum produce detectable levels of chaetoglobosin C and roughly half produced chaetoglobosin A when cultured on artificial media (Fig. 5) .
Out of the four media evaluated, C. globosum colonies were the largest (Figs. 1 and 2 ), produced the most spores (Fig. 3) , and the highest amounts of chaetoglobosins A and C (Fig. 4) on OA. In general, it appears that as growth increases on a given medium, so does mycotoxin production. When a Pearson Product Moment Correlation was performed, a positive association (R = 0.980, P < 0.05) was found between colony diameter and chaetoglobosin production (data not shown).
Chaetomium globosum mycotoxins are produced on building material as well as on agar media. Nielsen et al. [9] detected chaetoglobosins A and C in six C. globosum isolates using TLC and HPLC. These isolates were cultured on gypsum board with wallpaper paste [9] . Similarly, we detected up to 21 mg of chaetoglobosin C per square centimeter when C. globosum ATCC 16021 was cultured on gypsum board (without wallpaper paste) for 8 weeks at RT (data not shown).
Although spores were not produced by C. globosum at 4 weeks on MEA, chaetoglobosins A and C were still detected. These results indicate that the production of these secondary metabolites is not dependent on sporulation. This is different than other reports concerning mycotoxins and spore production. Gregory et al. [29] demonstrated that satratoxin G was localized predominately in Stachybotrys chartarum spores. Secondary metabolites produced by other fungi can induce sporulation (e.g., Aspergillus nidulans, A. terreus, Fusarium graminearum), or are produced after sporulation (e.g., Aspergillus species, Pencillium urticae) [30] .
Although Chaetomium species spores are not detected in air samples at a high frequency, the presence of C. globosum contamination within a water-damaged building should not be overlooked. Based on toxicity studies, exposure to chaetoglobosins A and C could potentially cause adverse health effects in humans. Our results show that Chaetomium species are commonly encountered in water-damaged buildings. In addition, all isolates of C. globosum we examined were capable of producing mycotoxins. Since chaetoglobosin production is independent of sporulation, these mycotoxins could be carried on fungal fragments (e.g., hyphae) as has been shown in the case of S. chartarum [31] . Future work should focus on developing a more sensitive assay than HPLC (such as an ELISA) for detecting chaetoglobosins A and C. This technology would allow IAQ researchers to determine whether or not these mycotoxins are present in the air within C. globosum-contaminated buildings. Despite the fact that Stachybotrys species spores are also not commonly found in air samples, previous studies have detected the macrocyclic trichothecenes in the air of S. chartarum contaminated buildings [32, 33] as well as the sera of occupants exposed to S. chartarum [34, 35] .
